Abstract Aims/hypothesis: Inflammation is implicated in the development of type 2 diabetes and CHD, but the trigger of inflammation is unclear. Although in vitro and animal studies support a role of elevated levels of atherosclerotic lipoproteins in the activation of inflammation, plasma cholesterol cannot predict inflammatory markers in humans. Moreover, the association between inflammatory markers and other traditional risk factors of diabetes and CHD is unclear. To increase our knowledge of in vivo regulation of inflammation, we examined the association between several traditional risk factors and inflammatory markers. We hypothesised that because apolipoprotein B (ApoB) reflects atherogenic particle number, it is the primary predictor of inflammatory status. Subjects, materials and methods: We examined the association between several traditional risk factors and plasma high-sensitivity (hs) C-reactive protein (CRP), hsTNF-α, soluble TNF receptor 1, IL-6, orosomucoid, haptoglobin and α 1 -antitrypsin in 77 non-diabetic overweight and obese postmenopausal women. Results: The inflammatory markers correlated positively with total and abdominal adiposity, blood pressure, 2-h OGTT glucose, insulin resistance, triglyceride, total/HDL cholesterol, ApoB, ApoB:apolipoprotein A1 (ApoA1) ratio and Framingham CHD risk points. They correlated negatively with ApoA1, and total, LDL and HDL cholesterol. ApoB was an independent predictor of the interindividual variation in IL-6, hsCRP, orosomucoid, haptoglobin and α 1 -antitrypsin (R 2 range 8-40%); other risk factors were less predictive. Compared with BMI-matched control subjects, women with hyperapobetalipoproteinaemia (hyperapoB) had higher hsTNF-α, IL-6, hsCRP and orosomucoid (increase 17-104%). Conclusions/interpretation: ApoB is the primary predictor of inflammatory markers in postmenopausal overweight and obese women. Given elevated levels of inflammatory markers in hyperapoB women, we hypothesise that hyperapoB women may have an increased risk of developing both CHD and diabetes.
Introduction
Inflammation is believed to be the 'common soil' leading to the development of type 2 diabetes and CHD [1] . Elevated plasma concentrations of many inflammatory markers are independent predictors of an increased risk of these diseases. For example, several prospective epidemiological studies (follow-up periods ranging from 3 to 20 years) have shown that the highsensitivity (hs) C-reactive protein (CRP) level in plasma is an independent predictor of future CHD events and type 2 diabetes in an apparently healthy population [1, 2] . Accordingly, hsCRP plasma concentrations of <1, 1-3 and >3 mg/l have been defined to represent low, moderate and high risk of CHD, respectively [1] . Similarly, elevated levels of other inflammatory markers, such as IL-6 and inflammationsensitive plasma proteins (orosomucoid, haptoglobin, and α 1 -antitrypsin), were shown to be independent predictors of type 2 diabetes and CHD [3] [4] [5] [6] [7] .
The trigger of arterial inflammation is still unclear, but it is believed that elevated levels of atherogenic lipoproteins (VLDL, LDL and lipoprotein(a) [Lp(a)]) play a major role. Several in vitro and animal studies have demonstrated that elevated atherogenic lipoproteins lead to: (1) an increase in the adhesion of monocytes and T lymphocytes to the endothelial surface; (2) an increase in the migration of monocytes and T lymphocytes into subendothelial spaces; and (3) provision of the lipid core for the transformation of monocytes/macrophages into foam cells, which secrete several plasma inflammatory markers [8, 9] .
However, this association of atherogenic lipoproteins with inflammatory markers is not well supported by in vivo human studies. Large clinical studies that examined the associations between plasma lipids and hsCRP, the most used inflammatory marker in terms of clinical utility, concluded that there is little, if any, association between plasma triglycerides (TG), total, LDL or HDL cholesterol and hsCRP [10] [11] [12] [13] [14] . Accordingly it was concluded that it is not possible to predict plasma CRP from knowledge of plasma lipids [1] . These studies have, however, rarely included in their evaluation apolipoprotein B (ApoB), a component of all atherogenic lipoprotein and a wellestablished lipid-related CHD risk factor [11, 15] . Moreover, despite the fact that many traditional risk factors of type 2 diabetes and CHD have been well described, clinical data examining the relationship between traditional type 2 diabetes and CHD risk factors and inflammatory markers are scarce. We believe that examining the interaction between traditional risk factors and markers of inflammation may shed light on the in vivo trigger of inflammation and the pathophysiology of CHD and type 2 diabetes and may help target the pharmacological prevention or treatment of these diseases. Therefore, our aim was to examine the association of several well-established traditional metabolic and CHD risk factors with markers of inflammation in a cohort of postmenopausal overweight and obese women, a high-risk population for the development of type 2 diabetes and CHD [16] . The inflammatory markers assessed were hsCRP, hsTNF-α and soluble TNF-α receptor 1 (sTNF-α-R1), IL-6, orosomucoid, haptoglobin, and α 1 -antitrypsin. Our hypothesis was that, as elevated plasma ApoB concentrations are a reflection of an elevated number of atherogenic lipoproteins [17] , plasma ApoB would be the primary predictor of inflammatory markers in this population.
Subjects, materials and methods

Subjects
Subjects were recruited by newspaper advertisement in the University of Montreal area (Montreal, Canada). All subjects gave written, informed consent before the study started and the study was approved by the Research Ethics Board at the University of Montreal. The data presented in this paper represent baseline characteristics of obese women recruited to our laboratory for a weight loss study.
Women volunteers were included in the study if they (1) were obese with BMI ≥27 kg/m 2 , (2) had biological confirmation of the menopausal status (plasma folliclestimulating hormone ≥30 U/l, (3) were non-smokers, (4) had low to moderate alcohol consumption (<2 drinks/day), and (5) had <2 h per week of structured exercise.
The exclusion criteria were: (1) diabetes (fasting glucose >7.1 mmol/l or 2-h plasma glucose of >11.1 mmol/l after a 75-g OGTT), (2) untreated thyroid disease, (3) chronic liver or renal disease, (4) asthma requiring therapy with steroids, (5) cardiovascular or peripheral vascular disease, (6) previous 3-month use of hormone replacement therapy, oestrogen, narcoleptics, steroids, or lipid-lowering or antihypertensive agents, (7) dyslipidaemia or hypertension requiring immediate medical intervention (total cholesterol >8 mmol/l), systolic BP >160 mmHg or diastolic BP >100 mmHg), (8) history of alcohol or drug abuse, (9) abnormal blood laboratory values (haematocrit <32 or >48%; creatinine >130 μmol/l), (10) use of drugs or medications to stimulate weight loss, psychoactive drugs and adrenergic agonists by any route, (11) body weight fluctuation ±2 kg in the last 3 months, (12) known history of inflammatory disease as well as cancer. One month before the study, weight stability was verified by monitoring body weight for each subject on a weekly basis.
Blood samples
Fasting plasma cholesterol, HDL cholesterol, TG and glucose were analysed on the Cobas Integra 400 (Roche Diagnostic, Montreal, QC, Canada). LDL cholesterol was calculated according to the Friedewald equation [18] . Framingham total risk points were calculated based on age, total and HDL cholesterol, smoking status (non-smokers), and systolic BP [19] . Fasting insulin levels were determined by radioimmunoassay specific for human insulin (Linco, St-Charles, MO, USA). Lipoprotein(a), ApoA1 and ApoB, hsCRP, orosomucoid, haptoglobin and α 1 -antitrypsin were assessed by immunonephelometry on an Immage analyser (Beckman-Coulter, Villepinte, France). Four women with hsCRP concentrations >10 mg/l were excluded from the analysis in this study because such an elevated hsCRP suggests a major infection or trauma [20] . An ELISA was used to measure hsTNF-α, sTNF-α-R1 and IL-6, using commercial kits (Quantikine, Minneapolis, MN, USA).
Insulin sensitivity
Insulin sensitivity was evaluated in the fasting state using two techniques: (1) a clinically based technique through calculation of fasting homeostasis model assessment (HOMA) according to the formula of Matthews et al. [21] , supported by (2) a research-based technique which measures glucose disposal rate during a hyperinsulinaemic− euglycaemic clamp test [22, 23] . Glucose disposal rate (M clamp ) was calculated as the average glucose infusion rate during the last 30 min of the clamp and is expressed as mg·kg
Body composition and blood pressure Body weight was measured using an electronic scale (Balances Industrielles, Montreal, QC, Canada) and standing height by a wall stadiometer (Perspective Enterprises, Portage, MI, USA). Sitting BP was determined after subjects had rested quietly for 10 min, using a Dinamap automatic machine (Welch Allyn, San Diego, CA, USA). Fat mass was evaluated by dual energy X-ray absorptiometry (General Electric Lunar Corporation version 6.10.019, Madison, WI, USA).
Abdominal obesity was evaluated with two techniques: (1) a clinically based technique through measurement of waist circumference, supported by (2) a research-based technique by computed tomography scan (General Electric Medical Systems, Milwaukee, WI, USA) which measures abdominal visceral and subcutaneous adipose tissue (VAT and SAT) at the L4-L5 vertebral disc as described previously [23] .
Statistical analysis
Data are presented as mean±standard deviation. Pearson correlation was used to examine the association between measured parametric values while stepwise forward linear regression was used to examine independent predictors of inflammatory markers. As the tests for equal variance and/or normality of residues failed in the regression analysis models used to examine the prediction of hsTNF-α, IL-6, hsCRP and orosomucoid, these inflammatory markers were log-transformed (base 10) then entered in the correlation and regression analysis as shown in the last three tables. A Benjamini correction was applied to the correlation p values to control for a false discovery rate resulting from multiple testing [24] . Unpaired one-tailed t-test was used to examine the differences between women with normal (normoapoB) and high plasma ApoB. Analysis of covariance (univariate general linear model) was used to adjust the means of hsTNF-α for HDL cholesterol in women with normoapoB and hyperapoB. Statistical analysis was performed using SigmaStat (Jandel, San Rafael, CA, USA) and S-Plus Professional 2000 release 3 (MathSoft, Cambridge, MA, USA) with significance set at p<0.05.
Results
Subject characteristics
This analysis included 77 non-diabetic overweight and obese postmenopausal women with no previous history of CHD. The traditional risk factors for type 2 diabetes and CHD, as well as the inflammatory markers measured in this population, are presented in Table 1 and Table 2 , respectively. Sixty-five percent of our subjects had total plasma cholesterol >5.2 mmol/l, 33% had high TG (>1.7 mmol/l), 16% had low HDL cholesterol (<1.3 mmol/l), 22% had high ApoB (>1.2 g/l) (all reference values adapted from [19] ). Moreover, 73% of the women had abdominal obesity (waist circumference >88 cm), 11% had hypertension (BP >130/85 mmHg), 6% had high insulin (>25 μU/ml), 14% had impaired glucose tolerance (plasma glucose ≥7.8 mmol/l 2 h after OGTT) and one woman had impaired fasting plasma glucose (6.1-7.0 mmol/l) [19, 25] . Pearson correlation of inflammatory markers with all traditional risk factors is presented in Table 3 and Fig. 1 (specifically for ApoB). In general, the inflammatory markers correlated positively with total and abdominal adiposity, BP, 2-h OGTT glucose, insulin resistance, triglyceride, total/HDL cholesterol, ApoB, ApoB: ApoA1 ratio and Framingham CHD risk points, and negatively with ApoA1 and total, LDL and HDL cholesterol. Moreover, the inflammatory markers were highly correlated with each other. Log 10 (Table 4) . For practical relevance, clinical risk factors were used in this model as independent variables and were BMI, waist circumference, systolic BP, fasting glucose, 2-h OGTT glucose, LDL cholesterol, HDL cholesterol, TG, ApoB and ApoA1 (model 1). Moreover, to normalise the prediction of inflammatory markers, whether adipose-tissue secreted or not, all inflammatory markers were adjusted for BMI (clinical measure of obesity). Plasma ApoB predicted five out of seven of the inflammatory markers measured (Table  4) . Other traditional risk factors were less predictive of inflammatory status.
Other regression models were also examined but with little change in the prediction power of ApoB reported in model 1. Replacing glucose by HOMA in model 1 resulted in ApoB then HOMA being predictors of log 10 [hsCRP] (total R 2 =0.41) and log 10 [orosomucoid] (total R 2 =0.34), and HOMA being the only predictor of α 1 -antitrypsin with no other changes. In another model, replacing LDL and HDL cholesterol by total/HDL The independent variables used in this regression model were fat mass (instead of BMI), VAT (instead of waist circumference), M clamp (instead of glucose or HOMA), 2-h OGTT glucose, systolic BP, LDL cholesterol, HDL cholesterol, TG, ApoB and ApoA1 (model 2). As in model 1, to account for the degree of adiposity in this model, all inflammatory markers were corrected for fat mass. As presented in Table 5 , the use of more elaborate research techniques for the measurement of body composition and insulin sensitivity confirmed the results obtained with clinically based techniques ( Table 4 ), in that ApoB was the primary predictor of inflammatory markers.
Inflammatory markers in hyperapoB women
As serum ApoB was the primary predictor of inflammatory markers, we examined whether hyperapoB women (n=17, ApoB >1.20 g/l [19] ) have higher inflammatory markers than women with normal ApoB (controls). As adiposity is highly correlated to many inflammatory markers, each hyperapoB woman was BMI-matched with a normoapoB woman to eliminate the confounding effect of the level of obesity. We matched the two groups by BMI and not fat mass for clinical practicality only. By design, BMI was equivalent in both groups (30.7± 2.87 vs 30.6±2.87 kg/m 2 in hyperapoB vs normoapoB women, respectively). Matching for BMI also resulted in equivalent fat mass in both groups (34.8±5.1 vs 36.3±6.9 kg in hyperapoB vs normoapoB women, respectively). Other anthropometric indices measured, BP-plasma insulin, glucose, HOMA, 2-h OGTT glucose, ApoA1 and Lp(a)-were also found to not differ between the two groups (data not shown). HyperapoB women had significantly lower HDL cholesterol (1.35±0.19 vs 1.67±0.34 mmol/l, p=0.001), lower insulin sensitivity based on the clamp technique (5.54±1.38 vs 6.48±1.61 mg glucose·kg 3.05±0.62 mmol/l, p<0.001) and higher TG (2.11±0.81 vs 1.54±0.71 mmol/l, p=0.018).
As shown in Fig. 2 , hyperapoB women had 104% higher plasma hsTNF-α (hyperapoB: 1.08±0.99 vs normoapoB: 0.53±0.26 pg/ml, p=0.038), 40% higher IL-6 (hyperapoB: 1.01±0.60 vs normoapoB: 0.72±0.34 pg/ml, p=0.046), 61% higher hsCRP (hyperapoB: 3.69±2.05 vs normoapoB: 2.29±1.34 mg/l, p=0.012) and 17% higher orosomucoid (hyperapoB: 0.95±0.18 vs normoapoB: 0.81±0.24 g/l, p=0.014). Soluble TNF-R1, haptoglobin and α 1 -antitrypsin were not significantly different between the two groups. As hsTNF-α does not correlate with ApoB, we examined whether reduced hsTNF-α in hyperapoB women was driven by reduced HDL cholesterol (which correlates negatively with hsTNF-α). Indeed, correcting mean hsTNF-α for HDL cholesterol eliminated the difference between hyperapoB and normoapoB women in hsTNF-α.
Discussion
Novel data in this study demonstrate that, in postmenopausal overweight and obese women: (1) plasma ApoB was an independent predictor of the interindividual variation of IL-6, hsCRP, orosomucoid, haptoglobin and α 1 -antitrypsin; (2) several traditional risk factors for type 2 diabetes and CHD (particularly insulin resistance and hypertension) are positively associated with the plasma concentrations of inflammatory markers and may augment the activation of inflammatory processes by ApoB-related atherogenic lipoproteins; and (3) compared with women with normal ApoB and equivalent weight, fat distribution and BP, hyperapoB women have significantly higher plasma hsTNF-α, IL-6, hsCRP and orosomucoid.
Earlier studies in humans demonstrated that plasma CRP could not be predicted from total or LDL cholesterol [1] . Moreover, reduction in plasma CRP by hypocholesterolaemic statins was demonstrated in a large clinical trial to be independent of the reduction in plasma LDL cholesterol [10] . In agreement with this, plasma CRP in our study was not predicted by total or LDL cholesterol, nor did hypercholesterolaemic women have elevated CRP or any other inflammatory marker (data not shown). Moreover, in the present study, plasma LDL cholesterol correlated negatively with TNF-α-R1, hsCRP and α 1 -antitrypsin. Thus the human data do not agree with the large body of Clinical risk factors considered in each model were BMI, waist circumference, systolic BP, fasting glucose, 2-h OGTT glucose, LDL and HDL cholesterol, TG, ApoB and ApoA1. All the inflammatory markers were corrected for BMI (i.e. BMI was forced into all regression models)
evidence in animal and cell culture studies that support the role of elevated levels of atherogenic lipoproteins in the development of arterial inflammation [8] .
We believe that, although atherogenic lipoproteins may indeed trigger inflammation in humans, the tools used previously to assess this association in vivo are not accurate. Measurement of plasma cholesterol (most of which is on LDL) or TG (most of which is on VLDL) may not reflect the association of atherogenic lipoproteins with inflammatory markers because their plasma concentration is a poor measure of atherogenic particle number and size as well as of lipid composition [26] . As an inverse relationship exists between particle size and ability to cross the arterial endothelial barrier into the intimae [15] , small dense LDL particles are more atherogenic than large buoyant ones [15] and may also be more pro-inflammatory. Measurement of total or LDL cholesterol may therefore underestimate particle number, particularly in obese subjects in whom small dense particles are frequent [27] . This may also explain the counterintuitive negative association between LDL cholesterol and inflammatory markers in our study.
In the present study we provide evidence that the prediction of inflammatory markers is indeed possible in humans if another component of the atherogenic lipoproteins is considered, which is ApoB. ApoB reflects the number of atherogenic particles, as LDL, VLDL and Lp(a) have only one ApoB per particle, and is closely correlated with the levels of small dense LDL particles [15] . Therefore, we hypothesised that ApoB may be a predictor of inflammation. As hypothesised, ApoB was the primary predictor of most inflammatory markers examined irrespective of the level of adiposity or the prediction model used. The prediction of hsCRP by ApoB is in line with the Insulin Resistance Arteriosclerosis Study (n=1522) [28] , in which, compared with LDL and HDL cholesterol, ApoB was also more strongly associated with plasma CRP. However, our study adds a new finding to this previous one [28] in that, not only was ApoB predictive of CRP, but it also predicted IL-6, orosomucoid, haptoglobin, and α 1 -antitrypsin, an association that has never been reported before. Moreover, plasma ApoB was superior not only to total or LDL cholesterol but also to many other traditional risk factors of type 2 diabetes and CHD including hypertension, 2-h OGTT plasma glucose, insulin resistance (by HOMA score and the gold standard hyperinsulinaemic clamp), TG, ApoAI, Lp(a), and Framingham CHD risk score. It should be noted, however, that our data contradict the finding by Schlitt et al. [11] that ApoB did not correlate with CRP but correlated negatively (though very weakly) with IL-6. That study, however, examined CHD and diabetic patients, 74% of whom were men, who were also on medical treatment for dyslipidaemia and hypertension [11] . The large difference in the phenotype of the populations examined and possible drug interference may explain the discrepancy between our results and those of Schlitt et al.
Another plausible mechanism by which plasma ApoB may predict inflammation is its ability to reflect the efficiency of fatty acid storage in adipose tissue [29] . Several types of fatty acids, like omega-6 [30] , trans [31, 32] and saturated fatty acids [32] , have been shown to induce endothelial dysfunction and increased plasma concentration of CRP, IL-8, TNF-α, TNF-α-R2, adhesion molecules and IL-6. The inflammatory marker IL-6 is documented to induce systemic enhancement of inflammation and the production of hepatic acute-phase reactants like CRP, orosomucoid, haptoglobin and α 1 -antitrypsin [1, 33] . Therefore, ineffective adipose-tissue fatty acid storage may increase NEFA flux to endothelial cells, increasing the production of inflammatory markers (like TNF-α and IL-6), and to liver, increasing the production of ApoB-related atherogenic lipoproteins and hepatic acute-phase reactants (being induced by IL-6). In the present study, the correlation of ApoB with hepatic secreted inflammatory markers (hsCRP, orosomucoid, haptoglobin and α 1 -antitrypsin) rather than hsTNF-α and sTNF-α-R1, and the intercorrelation of inflammatory markers to each other, especially to IL-6, further support this hypothesis. An alternative mechanism, at least for the association of ApoB with CRP, is that ApoB may circulate associated with CRP and may facilitate its entry into the subendothelial space. CRP was found to co-localise with ApoB in the extracellular space in the atherosclerotic lesion, and because macrophages do not have the mRNA for CRP, it was suggested that CRP found in the atherosclerotic lesion was derived from the circulation [34] .
The novel finding in this study that hyperapoB women had elevated levels of TNF-α, IL-6, CRP and orosomucoid may have clinical relevance for the primary prevention of type 2 diabetes. The inflammatory markers elevated in hyperapoB women have been consistently linked to the development of insulin resistance and type 2 diabetes mellitus in numerous in vitro and large clinical studies. For example, TNF-α decreases insulin secretion from pancreatic cells [35] and insulin signalling in pancreatic cells, white adipose tissue, liver and muscle [35, 36] . Plasma IL-6 [7] , CRP [7, 37, 38] and orosomucoid [6] were predictors of the incidence of type 2 diabetes in several large prospective studies (ranging from 1,047 to 27,000 subjects and with up to 7-year follow-up), independently of other correlates of plasma glucose and insulin sensitivity [6, 7, 37, 38] . Thus, as these inflammatory markers are elevated in hyperapoB women, we hypothesise that hyperapoB women may be at a greater risk of developing, not only CHD, but type 2 diabetes. HyperapoB and small dense atherogenic particles are common abnormalities in type 2 diabetes [39] . HyperapoB may not be a consequence of the metabolic abnormalities associated with type 2 diabetes but rather a mediator of this disease through its activation of the inflammatory process.
It is important to point out, however, that the association between ApoB and IL-6, an adipose tissue-released inflammatory marker [40] , is only evident after accounting for the degree of adiposity. This was demonstrated either by adjustment for BMI/fat mass in the regression models or by matching hyperapoB and normoapoB women by BMI. Thus the contribution of the level of adiposity to circulating IL-6 levels may mask the association between IL-6 and lipoproteins or other CHD risk factors and should be kept in mind in future studies examining this inflammatory marker.
Certain limitations to the present study should be kept in mind. As is the case in cross-sectional studies, the correlative nature of this analysis does not necessarily reflect causality, but allows the generation of hypotheses regarding plausible mechanisms and the impact of our findings. Moreover, the inclusion criteria of the study excluded frequent confounding factors like smoking and more severe hypertensive and dyslipidaemic individuals. Future prospective studies should be employed to investigate the hypotheses presented in this study and to allow their extrapolation to the general population.
In conclusion, novel findings in this study suggest that plasma ApoB is an independent predictor of many inflammatory markers in postmenopausal overweight and obese women. Moreover, women with hyperapoB in this population had elevated levels of hsTNF-α, IL-6, hsCRP and orosomucoid compared with women with normal ApoB, independent of body weight, fat distribution, BP and many indices of insulin sensitivity. As elevated levels of these inflammatory markers are independent risk factors for the development of type 2 diabetes, we hypothesise that hyperapoB women may be at a greater risk than normoapoB women of developing not only CHD, but type 2 diabetes as well.
